INTRODUCTION
Stroke-induced brain injury, a primary central nervous system event, is closely coupled with the infiltration of peripheral immune cells into the infarct area. [1] [2] [3] Among peripheral immune cells, the presence of monocytes/macrophages (MMs) in the infarct area was thought to contribute to postischemic inflammation and injury. 4, 5 For instance, studies showed that the extent of acute injury is positively correlated with the number of MMs in the injured brain after the stroke. 6, 7 Additionally, decreased MM infiltration delayed disease progression in animal models of multiple sclerosis or spinal cord injury and increased axonal regeneration with functional benefit, [8] [9] [10] suggesting MMs' detrimental role in neuronal pathologic assessment. In contrast, the depletion of MMs was associated with impaired wound healing and high mortality in myocardial infarction. 11 Furthermore, decreased MM infiltration resulted in the depletion of circulating MMs or in the deficiency of chemokine receptor, which increased stroke-induced perilesional hemorrhage, with clinical deterioration in the mouse stroke model. 12 These equivocal findings suggest an uncertain role of MMs in response to injury.
The spleen is the largest lymphatic organ in the body that functions in the removal of aging erythrocytes, recycling iron, producing antibodies, and elicitation of immunity. 13, 14 The spleen has been considered to be an immediate reservoir of monocytes that mobilizes a large quantity of monocytes upon injury. 15 Several studies reported the involvement of the spleen in inflammatory diseases. Not only is the number of monocytes in the spleen several fold higher than those found in circulation, but also the amount of monocytes in the injured heart after myocardial infarction exceeds those in circulation under homeostatic conditions. An additional support for the mobilization of spleen monocytes after the injury comes from the observation of a severely reduced accumulation of monocytes, but not neutrophils, following myocardial infarct in animals that have previously undergone a splenectomy (spx). 15 Similarly, stroke caused the contraction of the spleen and reduced the number of splenic cells. 16, 17 Moreover, there is a report that addressed the role of the spleen in leukocyte infiltration and injury in stroke. Spx 2 weeks before the stroke decreased the number of activated microglia, macrophages, and neutrophils in the injured area and was associated with reduced infarct size. 18 Accumulating evidences suggest that human and mouse monocytes exhibit distinct subsets that are reminiscent of macrophage phenotypes. 19, 20 The subset that expresses a high level of the hematopoietic cell differentiation antigen Ly-6C (Ly-6C high ) also expresses the G-protein-linked membrane protein, CCR2. The Ly-6C high (CCR2 þ ) monocytes are specifically recruited to an injury site and become classically activated M1 macrophages. The Ly-6C high (CCR2 þ ) subset shows chemotaxis to monocyte chemoattractant protein-1 (MCP-1) that is produced in the inflamed tissue. Recruitment of this subset to inflammatory sites is believed to be CCR2 dependent, since monocytes from mice that do not express CCR2 do not traffic as efficiently into inflamed tissues as CCR2 þ monocytes. 19 In contrast, a low level of Ly-6C expressing monocytes (Ly-6C low ) expresses a high level of CX3CR1, a receptor for CX3CL1 (fractalkine), but this monocyte subset is devoid of CCR2 expression. This antiinflammatory Ly-6C low (CCR2 À /CX3CR1 high ) subset is recruited to normal tissues and develops into resident M2 macrophages that function in host defense and repair after injury. 19 After myocardial infarction or Listeria monocytogenes infection, the early pro-inflammatory Ly-6C high (CCR2 þ ) and late antiinflammatory Ly-6C low (CCR2 À ) subsets are sequentially recruited to the injury site in a controlled manner for inflammation and repair/healing. 19, 21 There is a relative paucity of in vivo studies related to monocyte mobilization from the periphery to brain infarct. The heterogeneity of monocyte subsets and temporally distinctive recruitment of each monocyte subset add the layers of complexity in immune cell trafficking. By analyzing MM subsets in the spleen and postischemic brain in normal and splenectomized mice, the current study investigates the role of the spleen in MM infiltration and injury in the acute ischemic brain. Here, we report that while disappearance of MMs in the spleen temporally coincided with appearance of the cells in the infarcted brain, spx did not reduced stroke-induced brain injury. The role of the spleen in ischemic injury requires careful reconsideration.
MATERIALS AND METHODS Animals
The use of animals and procedures was approved by the Institutional Animal Care and Use Committee (IACUC) of Weill Medical College at Cornell University and in accordance with the IACUC, National Institutes of Health, and ARRIVE guidelines. Experiments were performed in 10-to 11-week-old male C57BL/6 mice (Jackson Lab, Bar Harbor, ME, USA). The mice were housed at the institute's animal facility, which monitors and maintains temperature, humidity, and 12-hour light/dark cycles. Maximum five mice were housed in a cage with an individual ventilating system and irradiated bedding (1/8 00 Bed o'Cobs, The Anderson, Maumee, OH, USA). Sterilized food (PicoLab Rodent diet 5053, LabDiet, St Louise, MO, USA) and water were freely accessible in their cage. Animals were randomly selected for sham occlusion or middle cerebral artery occlusion (MCAO). Moreover, the identity of the mice that received sham-splenectomy (sham-spx) or spx was masked to surgeons who performed MCAO. The identity was revealed after data were collected.
Splenectomy
Mice were anesthetized with a mixture of isoflurane (1.5% to 2.0%) with oxygen and nitrogen (30%/70%) and an B1 cm incision was made on the left side of the abdominal cavity under the rib cage. Mice were randomly selected for an spx or sham procedure. The spleen was removed by cutting the mesentery and connective tissue and the splenic vessels were cauterized. For sham-control mice, incisions were made without removing the spleen.
Transient Middle Cerebral Artery Occlusion
Immediately after sham or spx, mice were subjected to transient ischemia by MCAO as previously described. 22, 23 A fiber optic probe was glued to the parietal bone (2 mm posterior and 5 mm lateral to the bregma) and connected to a Laser-Doppler Flowmeter (Periflux System 5010; Perimed, Järfälla, Sweden) for continuous monitoring of cerebral blood flow (CBF) in the ischemic territory. For MCAO, a 6-0 Teflon-coated black monofilament surgical suture (Doccol, Redland, CA, USA) was inserted into the exposed external carotid artery, advanced into the internal carotid artery, and wedged into the cerebral arterial circle to obstruct the origin of the middle cerebral artery for 30 minutes. The filament was withdrawn to allow reperfusion. Buprenorphine, lidocaine, and buprivacaine were administered post ischemia as analgesics. Mice were then placed in a recovery cage until the animal regained consciousness and resumed activity. Using a rectal probe controlled by a masterflex pump and thermistor temperature controller (Cole-Parmer, Vernon Hills, IL, USA), animal's body temperatures were maintained at 371C±0.51C during MCAO and recovery after surgery. The mice were then returned to their home cages where they were previously housed together. For hydrating animals after surgery, hydrogel (ClearH 2 O, Portland, ME, USA) was provided with food. Only animals that exhibited 480% reduction in CBF during MCAO and 480% reperfusion 10 minutes after reperfusion were included in the study.
Leukocyte Harvest from the Spleen, Blood, Bone Marrow, and Brain To collect cells from the spleen, the entire spleen was excised and minced using scissors and pipetting in phosphate-buffered saline (PBS). The mixture was passed through a 70 mm strainer and then centrifuged at 3,000 rpm for 10 minutes at 41C to isolate splenocytes. For the collection of blood cells, mice were perfused with 20 mL PBS containing heparin and the entire solution containing blood was collected, followed by centrifugation at 3,000 rpm for 10 minutes at 41C to obtain total blood cells. For bone marrow (BM)-derived cells, the tibia and femur bones were flushed with PBS using a syringe to obtain BM cells. To remove red blood cells, the cells from the spleen, blood, and BM were treated with a red blood cell lysis buffer (Sigma, MO, USA) followed by washing with PBS. To collect cells from the brain, mice were perfused with PBS and brains excluding olfactory bulb and cerebellum were excised. Each hemisphere was divided and homogenized in cold PBS. The homogenates were passed through a 70 mm cell strainer and centrifuged at 3,000 rpm for 10 minutes at 41C. The homogenates were incubated with Earle's balanced salt solution (EBSS, Sigma) containing 0.37 g/mL papain (Worthington Biochemical Corp, Lakewood, NJ, USA) for 20 minutes at 371C to obtain a single cell suspension followed by incubating with EBSS containing 30 mg/mL DNase I (Sigma) for 3 minutes at 371C. The cells were suspended with EBSS with 1% of trypsin inhibitor (Sigma) and bovine serum albumin (Sigma), and centrifuged at 3,000 rpm for 10 minutes. The cells were suspended in 2 mL PBS, overlaid on 3 mL of histopaque (density, 1.5, Sigma), and further centrifuged at 400 g for 30 minutes at room temperature. The lower layer containing MMs was collected and washed with PBS. The isolated cells from each organ were fixed in 4% of paraformaldehyde for 15 minutes and kept at 41C for further analyses.
Flow Cytometry Analysis
Flow cytometry analysis for MMs in peripheral organs was performed according to the methods as previously described. 15, 24 After incubating with 100% fetal bovine serum overnight, the single cells from the spleen, blood, and BM were incubated with (i) a cocktail of phycoerythrin-conjugated antibodies (Lin-PE) against T cells (CD90.2), B cells (B220), natural killer cells (NK1.1, CD49B), and granulocytes (Ly-6G); (ii) allophycocyaninconjugated CD11b (a marker high in myeloid cells MMs); and (iii) fluorescein isothiocyanate-conjugate Ly-6C. The selected gate for MMs (low phycoerythrin/high allophycocyanin) will be analyzed further for the distribution of Ly-6C low and Ly-6C high MM subsets. For the measurement of apoptosis in the spleen, single cells prepared from the spleen were incubated with fluorescein isothiocyanate-conjugated Annexin V (Miltenyi Biotec, CA, USA, 130-092-052) for 15 minutes at room temperature in the dark. To detect myeloid lineage cells in the central nervous system, phycoerythrin-conjugated CD45 and allophycocyanin-conjugated CD11b were used to identify CD45 high /CD11b þ population as infiltrating MMs in the brain, [25] [26] [27] which was further analyzed for Ly-6C low and Ly-6C high MM subsets by Ly-6C fluorescein isothiocyanate antibodies. The single cells from the brain that were incubated with the antibodies were washed in PBS and passed through a 40 mm cell strainer before flow cytometer analysis (Accuri C6, BD Biosciences, San Jose, CA, USA).
Adoptive Transfer of Green Fluorescent Protein-Positive Mononuclear Cells into C57BL/6 Mice
Splenocytes collected from GFP þ (green fluorescent protein positive) transgenic mice were overlaid on 3 mL of histopaque (density 1.8, Sigma) and centrifuged for 30 minutes at 400 g. The mononuclear cells laid between the layers were collected and washed with PBS. The cells (1 Â 10 7 ) were transfused into the splenectomized male C57BL/6 mice via retroorbital venous sinus 3 days after ischemia. Six hours after the infusion, the mice were perfused transcardially with 4% paraformaldehyde in 0.1 mol/L phosphate buffer. Brains were collected, postfixed overnight, transferred into a 30% sucrose solution, and sectioned in a cryostat at a 30-mm thickness for the immunohistochemistry.
Immunohistochemistry
Brain sections were washed in PBS solution at pH 7.4, and incubated with 1% bovine serum albumin and 5% normal goat serum for 1 hour at room temperature. The sections were then incubated with anti-rat CD11b (1:1,000, Millipore, Billerica, MA, USA, CBL1313) and anti-chicken GFP (1:1,000, Millipore, AB16901) overnight at 41C. Sections were washed with PBS and then incubated with secondary antibodies conjugated with Alexa Spleen-derived monocytes in stroke pathologic assessment Fluor 488 Goat Anti-Chicken IgG (1:300, Life Technologies, Grand Island, NY, USA, A11039) or Alexa Fluor 594 Goat Anti-Rat IgG (1:300, Life Technologies, A11007) for 1 hour. After washing with PBS, the sections were mounted using ProLong Gold antifade reagent with DAPI (Life Technologies, P36935) and examined under a laser scanning confocal microscope (Carl Zeiss, Thornwood, NY, USA).
Tissue Collection for Infarct Volume and Gene and Protein Assessment
To obtain the tissue that contains the entire infarct territory in an unbiased manner, an unbiased stereological sampling strategy was used according to the method described in the previous study. 22 Three and 7 days after MCAO, brains were excised, frozen, and serial sections spanning B6 mm rostrocaudal (roughly þ 2.8 mm and extending to À 3.8 mm from bregma) were collected. The entire infarct region was cryosectioned for infarct volume measurement (20 mm thickness) and collected serially at 600 micron intervals. Infarct volume and hemispheric swelling were measured using Axiovision software (Zeiss, Germany). Infarct volume was corrected for swelling by a method described previously. 28 Tissues between sections for infarct volume were serially cryosectioned for gene and protein assessment, cut in half and collected for each hemisphere.
Measurement of Gene and Protein Expression
Gene expression levels were quantified by real-time quantitative RT-PCR (qPCR) using fluorescent TaqMan technology as described previously. 22, 23 Briefly, total RNA was extracted from brain tissues using Tri reagent (MRC, Cincinnati, OH, USA). RNAs were reverse transcribed using the QuantiTect Reverse Transcription Kit (QIAGEN, Valencia, CA, USA). PCR primers and probes specific for MCP-1, CCR2, and b-actin (an internal control) were obtained as TaqMan pre-developed optimized assay reagents for gene expression (Applied Biosystems, Foster City, CA, USA). The PCR reaction was performed using FastStart Universal Probe Master Mix (Roche), according to the manufacturer's instructions. Reactions were performed in 20 mL total volume and incubated at 951C for 10 minutes followed by 40 cycles of 15 seconds at 951C and 1 minute at 601C. The results were analyzed using the 7500 Fast Real-Time PCR System software (Applied Biosystems). Plasma MCP-1 levels were determined using commercially available kit according to the manufacturer's procedures (MCP-1 ELISA kit, R&D systems, MN, USA).
Data Analysis
Sample size for infarct measurement (minimum n ¼ 14/group) was calculated based on predicting detectable differences to reach power of 0.80 at a significance level of o0.05, assuming a 33% difference in mean and a 30% s.d. at the 95% confidence level. Infarct volume and percentage of hemispheric swelling were expressed as mean±95% confidence interval. Results from flow cytometry analysis and gene and protein expression were expressed as mean ± s.e.m. Gene expression levels were presented as the b-actin normalized value according to the formula, value ¼ 2 (Ct of b-actin À Ct of target gene) . Comparison between the two groups was statistically evaluated using Student's t-test. Multiple comparisons were made using analysis of variance followed by a post hoc Newman-Keuls test. Differences were considered significant at Po0.05.
RESULTS

Stroke Causes the Reduction in Spleen Size and the Number of Splenocytes
The spleen comprises B0.2% of body weight. 29 We first determined changes in spleen size and cell numbers in response to stroke. Compared with spleen weight before the stroke, the weight of the spleen was reduced by 3 hours after stroke and remained contracted until 7 days after stroke ( Figure 1A ). From total leukocytes indicated by R1 ( Figure 1B) , MMs were identified by selectively gating the population (R2) with low expression of lineage marker (Lin) and high expression of CD11b ( Figure 1B) . The stroke reduced total number of leukocytes and MMs in the spleen at 1 day and the reduction persisted until 7 days after stroke ( Figures 1C and 1D) . The ratio of MMs over leukocytes showed a significant reduction in MMs at 1 and 3 days after ischemia ( Figure 1E ). Despite the early reduction of these cells at 1 day, the degree of apoptosis in the spleen leukocytes and MMs was similar between sham and stroked mice at this time ( Figures 1F and 1G) . The observation indicates that mobilization, rather than apoptosis, is a likely cause for the reduced cells in the spleen after transient focal ischemia.
Stroke Differentially Reduces Pro-and Antiinflammatory MM Subsets in the Spleen MMs in the spleen were further analyzed for pro-inflammatory (Ly-6C high ) and antiinflammatory (Ly-6C low ) subsets. We detected two distinct peaks, which represent each subset (Figure 2A ). The number of Ly-6C high MMs was similar to that of Ly-6C low subset before the stroke. The stroke caused significant reductions in the Ly-6C high subset at 1 and 3 days after ischemia, but returned to pre-stroke baseline by 7 days ( Figure 2B ). However, the Ly-6C low subset showed a reduction from 3 hours to 7 days after ischemia ( Figure 2C ). Ly-6C high /Ly-6C low ratio was significantly higher at 3 hours and returned to the baseline (Supplementary Figure S1A) . The results showed an acute involvement of Ly-6C high MMs from day 1 to day 3 and an immediate and sustained contribution of the Ly-6C low subset in response to stroke.
Stroke Induces Changes in MM Subset Numbers in Circulation and Bone Marrow
We investigated whether stroke induces changes in other peripheral organs besides the spleen. In circulation, stroke caused a sharp increase in Ly-6C high MMs at 3 hours, but a decline below preischemic levels from 1 to 7 days after ischemia ( Figure 3A) . Ly-6C low MMs were reduced throughout the postischemic period ( Figure 3B ). Similar to the spleen, Ly-6C high /Ly-6C low ratio in circulation was significantly higher at 3 hours and returned to the baseline (Supplementary Figure S1B) . In the BM, stroke did not cause reduction of MMs but, overall, increased both MM subsets; Ly-6C high MMs at 3 and 7 days ( Figure 3C ) and Ly-6C low subset at 1 and 3 days ( Figure 3D ). The continual depletion of MMs in the circulation and increased MM production in the BM suggest a dynamic response and participation of the peripheral organs after stroke.
Ly-6C high and Ly-6C low MMs Accumulate in the Postischemic Brain
To visualize MM trafficking into the infarct, splenic GFP þ mononuclear cells were adoptively transferred to C57BL/6 mice 3 days after stroke. Immunohistochemical examination showed numerous GFP þ cells that are colocalized with CD11b in the infarct ( Figure 4A-a,b,d ,e,f), but not in the contralateral hemisphere ( Figures 4A-c) , suggesting that the majority of GFP þ MMs are infiltrated cells from the periphery. We further quantify the extent of infiltration in the stroked brain. By differential expression of CD45, the infiltrating MMs (CD45 high /CD11b þ ) have been distinguished from the resident microglia (CD45 low /CD11b þ ). [25] [26] [27] We found that the CD45 high /CD11b þ population was absent in the naive brain (data not shown) and the contralateral hemisphere, but appears in the ipsilateral hemisphere ( Figure 4B ). The MM (CD45 high /CD11b þ ) population was subjected to the analysis post ischemia. Total MMs in the stroked hemisphere were significantly increased at 1, 3, and 7 days with a peak at 3 days after ischemia ( Figure 4C ). Although, Ly-6C high and Ly-6C low subsets were similarly increased during this time, absolute Ly-6C high MMs that were accumulated in the brain were several folds higher ( Figures 5B and  5C ). The ratio of Ly-6C high /Ly-6C low was peaked at 1 day after ischemia (Supplementary Figure S1C) . We also observed that mean Ly-6C expression in the recruited Ly-6C high subset at 1 day was decreased over time ( Figure 5D ), while its expression in the Ly-6C low subset at this time was increased ( Figure 5E ). The data suggest a dynamic shift in the subset trafficking into the stroked brain and mean Ly-6C expression in recruited MMs.
Splenectomy Decreases Ly-6C high and Ly-6C low MM Accumulation in the Postischemic Brain
To address the involvement of spleen MMs in stroke pathologic assessment, we first determined the number of brain MMs in the mice that received sham-spx or spx just before MCAO. The relative CBF reduction during MCAO and reperfusion at 10 minutes was similar between sham and splenectomized animals (sham-spx versus spx, % CBF reduction, 85.0±0.7 versus 88.1±0.9; % CBF reperfusion at 10 minutes, 103.7±4.1 versus 115.9±7.1), showing that the severity of ischemia was similar between the groups. Poststroke mortality rates between the groups were also similar (sham-spx versus spx, % mortality, 9.2% versus 6.6%). Peripheral infection can severely modify ischemic outcome. 30, 31 To exclude the possibility that spx alters the course of stroke-induced peripheral infection, we measured MCP-1 and CCR2 expression in the periphery of 3 days postischemic mice with or without the spleen. We found similar expression of MCP-1 and CCR2 gene expression in peritoneal macrophages and MCP-1 protein levels in Figure 2 . Stroke differentially reduces Ly-6C high and Ly-6C low MM subsets in the spleen. The MM subsets were measured prior to ischemia (pre), 3 hours, 1 day, 3 days, or 7 days after stroke. (A) Flow cytometry analysis of MM subsets. Total MMs, indicated by R2, were further analyzed by Ly-6C expression. Cells without Ly-6C antibody serve as control (w/o antibody). Quantification of Ly-6C high (B) and Ly-6C low subset (C) before and after stroke. n ¼ 7 to 12/group, **Po0.01, and ***Po0.001 versus pre. One-way analysis of variance. MMs, monocytes/ macrophages. Spleen-derived monocytes in stroke pathologic assessment the plasma between the groups (Supplementary Figure S2) . The results indicate that spx unlikely triggers a different rate of infection in the stroked mice. Compared with the sham-spx mice, Ly-6C high and Ly-6C low MMs in the ischemic brain were significantly reduced at 1 and 3 days in asplenic mice (Figures 6A and   6B ). In addition, we observed that circulating Ly-6C high and Ly-6C low MMs were increased in splenectomized mice at 7 days after ischemia (Supplementary Figure S3) . These results suggest the spleen is a major source for the infiltrating MMs in the postischemic brain. Figure 3 . Stroke-induced changes of MM subsets in the circulation and BM. MM subsets in the blood or BM were measured in mice prior to ischemia (pre, n ¼ 5) and 3 hours (n ¼ 11), 1 day (n ¼ 13), 3 days (n ¼ 10), or 7 days (n ¼ 6) post ischemia. Flow cytometric analyses using a lineage marker (Lin) and CD11b antibodies to selectively gate MM population (R2, Lin À /CD11b þ shown in Figure 1B 
Splenectomy did not Alter Stroke-Induced Acute Brain Injury
We further determined the effect of spx on stroke-induced acute injury. Infarct volume and percentage of hemispheric swelling showed no difference between sham and splenectomized mice 3 days after stroke ( Figures 7A and 7B ). Furthermore, stroke outcome assessed at 7 days showed no difference in infarct volume and swelling ( Figures 7C and 7D) confirming that the spx does not affect stroke outcome in the transient MCAO model.
DISCUSSION
Accumulating evidence indicates an involvement of mononuclear phagocytes in central nervous system injury. However, the presence of discrete MM subsets and temporally distinct recruitment of individual subsets to the injured tissue required a close examination of their role in stroke pathologic assessment. Focusing on the spleen as a major source of MMs, this study addresses effects of spx on stroke-induced MM mobilization and ischemic brain injury. Several key findings from this study are: stroke deploys both Ly-6C high and Ly-6C low subsets from the spleen; deployment of spleen-derived MMs temporally coincides with their accumulation in the postischemic brain with a greater accumulation of Ly-6C high MMs; and spx reduced MM accumulation in the ischemic brain without reducing infarct size. The dissociation between infarct size and the degree of MM infiltration in the absence of the spleen suggests that spleen-derived total MMs may not be a major contributor for acute infarct development.
Stroke-Induced Deployment of Spleen Monocytes/Macrophages
The spleen has been considered a major peripheral organ affected by inflammatory conditions, including stroke and myocardial infarction. The literatures show physical contraction and reduction of MMs in the spleen after injury. 15, 17, 18 The reduction of splenic MMs is unlikely because of increased cell death or differentiation to macrophages/dendritic cells, but rather to redistribution to the blood and inflamed tissue. 15 Our finding of decreased spleen size and MMs without increased apoptosis in the spleen after stroke (Figure 1 ) thus confirms the release and mobilization of the splenic MMs triggered by stroke rather than splenocyte apoptosis.
The timeframe for the mobilization of splenic MMs showed distinct patterns of deployment between the two subsets. We observed that the pro-inflammatory Ly-6C high MMs are involved acutely, as they were decreased at 1 and 3 days, but returned toward preischemic value. In contrast, the Ly-6C low subset was decreased immediately upon stroke (i.e., 3 hours) and the reduction persisted throughout during 7 days after ischemia ( Figure 2 ). The early and sustained reduction of the Ly-6C low subset is likely a reflection of long-lasting involvement of antiinflammatory subset in response to injury. Although, monocyte egress from the spleen apparently involves interaction between angiotensin II in circulation and AT-1 receptor in monocytes, 15, 32 the mechanisms that control the extent of deployment for individual subsets are currently unknown.
Blood vessels serve as a channel for the released spleen monocytes to enter the injury sites. Although, we observed an overall reduction of both subsets in circulation ( Figures 3A and 3B) , Ly-6C high MMs showed a selective increase at 3 hours ( Figure 3A) . The early rise of Ly-6C high MMs in blood may indicate a potential source of the Ly-6C high subset from other organs/tissues before the involvement of the spleen. Alternatively, the subset accumulates in the blood for subsequent infiltration to the injury site, while a sufficient chemokine gradient is established in the inflamed tissues. In BM, where monocytes are produced, we observed late rises of MM subsets ( Figures 3C and 3D) . The relatively late rises in BM suggest that the BM increased production of monocytes to replenish MM pools in response to the injury and that the organ, unlike the spleen, is not an immediate source for monocyte deployment.
Accumulation of MM Subsets in the Ischemic Brain
The study supports the trafficking of splenic MMs to the infarct, as the accumulation of MMs in the ischemic brain temporally coincides with their disappearance from the spleen. During the 7 days after stroke, the accumulation of both Ly-6C high and Ly-6C low MMs peaked at 3 days ( Figures 5B and 5C ). Although, both subsets shared similar temporal patterns of infiltration, one major difference between the subsets was the quantity of cells, evidenced by several fold greater accumulation of Ly-6C high compared with Ly-6C low MMs (Supplementary Figure S1C) . This observation is consistent with the pro-inflammatory property of Ly-6C high monocytes that respond to the MCP-1 gradient formed in the injury sites. However, Ly-6C low monocytes function in patrolling and crawling in vasculature and are recruited later to the injured site. 21, 33 A recent study indicates that the Ly-6C low monocytes recruit neutrophils to mediate focal necrosis of endothelial cells. The study also showed that the Ly-6C low monocytes are retained within the vessel lumen without extravasation, 34 which may result in reduced accumulation in the injured tissue. Regardless of the degree of infiltration in each subset, an intriguing observation from the current study is that there is a shift of mean Ly-6C expression in recruited MMs in the ischemic brain. We found that over time, Ly-6C expression was steadily reduced in the Ly-6C high subset, but increased in the Ly-6C low subset ( Figures 5D and 5E ). This shift within an individual subset may partly reflect differentiation of recruited monocytes to tissue macrophages or potential conversion from the Ly-6C high to the Ly-6C low subset. [35] [36] [37] Effect of Splenectomy in Stroke-Induced MM Infiltration and Injury Studies have implicated the involvement of the spleen in the ischemic injury. [16] [17] [18] In addressing the role of spleen in the mobilization of monocyte to the infarct, we observed that the removal of the spleen profoundly affected the number of MMs accumulated in the postischemic brain. Although, other studies did not address heterogeneity of MM subsets, our analysis of subsets revealed that the reduction occurs in both Ly-6C high and Ly-6C low subsets at 1 and 3 days ( Figure 6 ). This observation supports the view regarding the spleen's involvement in an acute setting as an important source for the early deployment of MMs upon injury. Our finding of a similar number of Ly-6C high and Ly-6C low MMs at 7 days between sham and splenectomized animals ( Figure 6 ) is Spleen-derived monocytes in stroke pathologic assessment E Kim et al an additional evidence that the spleen is less involved at 7 days, possibly accounted for by increased production of monocytes in the BM at this time (Figure 3) .
In addressing the role of the spleen in acute stroke outcome, we performed spx just before the stroke. Our finding contradicts the view regarding the benefits of spx in stroke by a reported study where they performed the spx 2 weeks before the permanent stroke. 18 It is likely that the 2-week interval may trigger compensation in the circulating immune cells, which may exert the differential effect at the time of permanent occlusion. Indeed, the literature shows that spx increases lymphocytes, neutrophils, and monocytes in the circulation. [38] [39] [40] Consistent with the reports, we also observed increased Ly-6C high and Ly-6C low MMs in the circulation in splenectomized mice at 7 days after ischemia (Supplementary Figure S3) . Thus, the reported beneficial effect may arise from compensated or altered immune cell homeostasis during the 2-week asplenic period before stroke. Future investigations to explain the outcome differences by different stroke models and spx-induced immune compensation are warranted.
In summary, the dissociation between MM accumulation and infarct size in splenectomized mice suggests that spleen-derived total MMs do not significantly contribute to acute infarct development. Moreover, accumulation of both pro-and antiinflammatory MM subsets, albeit to a different degree, in the postischemic brain suggests a potential synergistic or offsetting effect between the subsets during infarct development. Thus, spx as a strategy to reduce stroke injury requires careful reconsideration. To define the role of an individual MM subset for stroke-induced brain injury, further studies on selective targeting to suppress an MM subset while sparing the other are warranted.
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